The lariat-capping (LC) ribozyme is a natural ribozyme isolated from eukaryotic microorganisms. Despite apparent structural similarity to group I introns, the LC ribozyme catalyzes cleavage by a 2′,5′ branching reaction, leaving the 3′ product with a 3-nt lariat cap that functionally substitutes for a conventional mRNA cap in the downstream pre-mRNA encoding a homing endonuclease. We describe the crystal structures of the precleavage and postcleavage LC ribozymes, which suggest that structural features inherited from group I ribozymes have undergone speciation due to profound changes in molecular selection pressure, ultimately giving rise to an original branching ribozyme family. The structures elucidate the role of key elements that regulate the activity of the LC ribozyme by conformational switching and suggest a mechanism by which the signal for branching is transmitted to the catalytic core. The structures also show how conserved interactions twist residues, forming the lariat to join chemical groups involved in branching.
V arious mechanisms critically regulate splicing, thus controlling the fate of host gene products. Most splicing that relies solely on autocatalytic RNA introns appears to be unregulated, but control can be achieved at the RNA level because the structural versatility of RNA allows for the fusing of functional modules that can work in concert (1) . Examples of riboswitches adjoined to spliceosomal (2) or group I (3) introns illustrate this concept and suggest that uncharacterized splicing regulation mechanisms may exist.
An elaborate example of RNA-regulated splicing is the group I twin-ribozyme introns found in the small subunit (SSU) ribosomal precursor in several protists (Fig. 1A) . These twin-ribozyme introns are composed of a conventional group I splicing ribozyme (GIR2), into which is inserted a cassette composed of a branching ribozyme upstream from a homing endonuclease (HE) gene (4) . The branching activity results in cleavage and concomitant formation of a 3-nt lariat capping the 5′ end of the HE pre-mRNA (Fig. 1B) (5) , hence the name "lariat capping" (LC) ribozyme. The lariat cap appears to act as a substitute for a conventional mRNA m 7 G cap in a situation in which an mRNA is expressed from within a RNA polymerase I (polI) gene (6) . The cross-talk between GIR2 and the LC ribozyme is supported by the existence of three distinct processing pathways of the rRNA precursor, depending on environmental conditions. Under favorable conditions, splicing by GIR2 takes place first, followed by branching by the LC ribozyme and further processing, and eventually translation of the HE mRNA (7, 8) . The transcriptional order of the ribozymes implies that the activity of the branching ribozyme is specifically repressed until splicing has taken place. Cellular stress conditions induce formation of full-length intron circles by a circularization pathway (9) that leaves the ribosomal exons unligated. Finally, starvation conditions induce branching by the LC ribozyme without splicing taking place (8) . Because splicing only enables ligation of ribosomal exons, the interplay between GIR2 and LC ribozymes influences the fate of both ribosomes and HE mRNA production.
Here, we report the crystal structures of two different forms of the LC ribozyme from Didymium iridis (DirLC). The structure of the wild-type unreacted form of the LC ribozyme that allowed characterization of the branching reaction (5) was solved to a resolution of 3.85 Å. A higher level of detail was achieved in the 2.5-Å crystal structure of an inactive form of the LC ribozyme based on a circular permutation (CP) over the scissile bond and closure of the natural ends using a stable 5′-UUCG-3′ loop (Fig. 1C ). Both structures adopted the same overall architecture (Fig. S1 ), as supported by the presence of the same structural features within the core, as well as the same tertiary interactions. Originally, the LC ribozyme was described as a group I-like ribozyme (GIR1) based on striking similarities at both sequence and secondary structure levels (10) (11) (12) (Fig. 1 C-E) . However, the present fold departs so drastically from group I intron structures that it justifies the creation of an original ribozyme family for LC ribozymes (Fig. 2) . The structures reveal how the
Significance
We report the crystal structures of precleavage and postcleavage forms of the lariat-capping (LC) ribozyme. The structures show how domains from an ancestral group I ribozyme have evolved due to loss of selection pressure for self-splicing. Instead, a branching activity has been selected, resulting in capping the downstream mRNA by a 3-nt lariat stabilized by the ribozyme core. The LC ribozyme constitutes an original ribozyme family with an unexpected 3D structure that departs significantly from that of group I introns. The structures also elucidate the regulatory domain's role in transmitting a signal for cleavage to the ribozyme. The characterization of this natural evolutionary RNA speciation event is, to our knowledge, the first described at such an intricate level.
DP2-DP2.1 domain connecting the LC ribozyme to GIR2 is organized and interacts with the catalytic core by mediating two sets of tertiary interactions. This domain has been shown to exert a regulatory role by switching on the LC ribozyme when a 3′ hairpin named HEG P1 (homing endonuclease gene paired segment 1), formed during transcription to prevent branching before splicing by GIR2 (Fig. 1D and Fig. S2 ) (13) , undergoes a conformational change leading to the formation of DP2. The structures also highlight how a residue from the core docks within an RNA pocket that was folded after the formation of DP2, to transmit a signal for branching to the catalytic center. Moreover, we uncover the way in which residues forming the lariat are twisted by means of conserved interactions, to join chemical groups involved in branching. Finally, we demonstrate that most of the LC ribozyme structural elements have diverged from group I introns, and, although they have apparently equivalent secondary structures, they have acquired alternate functions and structures in the course of evolution.
Results
The Wild-Type and CP Forms of the LC Ribozyme Adopt Identical Folds. The CP and wild-type forms of the DirLC crystallize in space group P2 1 2 1 2 1 and present one molecule per asymmetric unit (Table S1 ). Because the wild-type ribozyme crystals only diffracted at low resolution, a CP construct with optimal conformational homogeneity was used. To achieve this goal, residues on either side of the cleavage site were defined as the 5′ and 3′ ends. To circumvent the poor transcription initiation capacity of the new 5′ end sequence (5′-CAU-3′) by T7 RNA polymerase, flanking ribozymes were added to the construct (14) , and segments connecting DirLC to the splicing ribozyme were joined by a UUCG loop (Fig. S2) . The 5′ hammerhead and the 3′ hepatitis delta virus ribozymes accurately generate 5′-hydroxyl and 2′,3′ cyclic phosphodiester ends (15) . The structure of the CP DirLC ribozyme was solved by multiwavelength anomalous diffraction (MAD) experiments and was further used to solve the structure of the wild-type DirLC by the molecular replacement method. The observed pairing of DP2 strands in both the wild-type and CP forms of DirLC crystal structures demonstrated that the UUCG loop tethers the ends of DP2 without forcing its formation. The presence of the UUCG loop does not perturb the structure because another construct permutated on the loop of P8 retains catalytic activity (Fig. S3) . The construct is thus locked into the active fold (13) , although the opening of the scissile bond prevents the branching reaction from occurring.
The LC Ribozyme Structure Presents Unique Structural Features. Like group I introns, DirLC is organized around stacks of helices that form three distinct domains ( Fig. 1 C and E) . DirLC harbors the group I typical P3-P7 pseudoknot that, together with an additional pseudoknot (P15-P3) and the associated three-way junction (3wj; P15-P3-P8), leads to a highly constrained, double pseudoknotted (P15-P3-P7) core (16) . Distal from P15, the DP2.1 and DP2 elements, tethered to P10, reach P5 and P9, respectively (Fig. 1C) . The curvature imposed by these tertiary interactions provokes stretching of the P4-P6 domain and results in an overall characteristic and striking signet ring shape in which the DP2.1 and the P4-P6 domains align perpendicular to the core (Fig. 2) .
Two specific tertiary interactions are responsible for this characteristic shape. The GAAA tetraloop at the tip of P9 (L9) interacts with the shallow groove of the DP2 stem where two Watson-Crick purine-purine (R-R) pairs are observed (Figs. 2B and 3A) . The tertiary interaction propagates through a ribose zipper between G221 and G68. The functional importance of this interaction is supported by an experiment in which a base pair was inserted or deleted within P9, which modifies the way the A residues from L9 interact in the shallow groove from DP2 (Fig. S4) . Analysis of an analogous interaction between L9 and the regulatory domain in the Naegleria LC ribozyme (17) corroborates these observations. The second tertiary interaction involves the DL2.1 and the L5 loops, which form three cis WC base pairs between residues 5′-A90UC-3′ from DL2.1 and 5′-G144AU-3′ from L5 (Figs. 2D and 3B ). This kissing complex is conserved at the sequence level among the known examples of LC ribozymes (Fig. S5) . Moreover, both the CP and wild-type DirLC Fig. 1 . Organization of the D. iridis SSU pre-rRNA reactivity and secondary structures of the active and inactive forms of the LC ribozyme compared with the Azoarcus group I intron (20) . (A) The LC ribozyme is followed by a HE mRNA, which contains a 51-nt spliceosomal intron (I51). Nonobligatory introns organized identically have also been identified in Naegleria (44) and Allovahlkampfia species. This composite RNA is embedded in a canonical group I intron (GIR2) interrupting the SSU rRNA precursor. The internal processing site (IPS) of LC ribozyme is only 3 nt away from the branch point (BP). Positions of 5′ and 3′ splice sites (SS) are indicated. (B) Schematic representation of the branching reaction leading to the formation of the 3-nt lariat. (C-E) Secondary structure diagrams of the active form of the DirLC ribozyme (C), the alternative structure of the 3′ domain of the LC ribozyme involved in cleavage inhibition (D), and group IC3 ribozyme from Azoarcus (E). (D) Black nucleotides correspond to the HE mRNA. A PCR artifact introduced a C residue in place of U203, which may stabilize the ribozyme as shown previously for the Naegleria LC ribozyme (45) . Tertiary interactions are displayed using the Leontis-Westhof nomenclature (46) . Stacking interactions are indicated with an arrow pointing to a rectangle.
ribozyme forms show very similar shapes in solution as deduced from small angle X-ray scattering experiments (SAXS) (Fig. S6 ).
The Fold of the Internal Loop Between P4 and P5 Allows for the L5-L2.1 Loop-Loop Interaction. The J5/4 junction between P4 and P5 adopts a zigzag motif, which is distant from the core and bends the P4-P6 domains so that L5 can form a kissing interaction with the loop of DP2.1 (Figs. 2 C and D and 3C) . The J5/4 zigzag is made by two loop-like conformations that cap and unstack the flanking helices. The opposite J4/5 strand adopts a typical A-form helical conformation. U136 locks the zigzag by forming a WatsonCrick/Watson-Crick trans base pair with A155 that is stacked on the unpaired G137 (Fig. S7 ). Mutational analysis shows that A153 from the zigzag motif is critical for catalysis despite its distant location relative to the active site (12) . A153 resides at the hinge of the motif where it participates in a tertiary contact through an A-minor interaction (18) to the apical G═C pair of P4, with A152 providing the second A-minor contact with the second base pair of P4 (Fig. S7C) .
The DP2-DP2.1 Bridge Participates in the Folding of the Ribozyme Core. The tertiary interactions between the regulatory domain and the core lock the 3wj involving P10. P10 folds only in the active state of the LC ribozyme. Indeed, the folding of the HEG P1 hairpin characteristic of the inactive state relies on residues from P10 as well as residues downstream from DP2 ( Fig. 1 C and D and Fig. S3 ). The absence of the 3′ residues necessary for HEG P1 folding in the crystallized constructs explains why only DP2 can be formed. At the P10 immediate 5′ end, the residues from the lariat fold are stabilized by formation of the 3wj. Specific interactions (Fig. S8 ) position the nucleophile U232(O2′) 5.1 Å away from the C230(O5′) (Fig. 4A) , despite the absence in the CP construct of the phosphate group involved in branching in the wild-type LC ribozyme. However, the lack of electron density for C230 and A231 in the 3.85-Å crystal structure prevents a comparison from being made with what is occurring in the wild-type LC ribozyme.
Stacking interactions between five unpaired adenosines (residues 76, 77, 103, 104, and 238) mostly stabilize the 3wj at the P10 interface (Fig. 4B ). One side of A76 and A103 stacks on the last base pair of DP2 and DP2.1, respectively. A77 stacks with A104, which stabilizes the sharp turn between DP2.1 and P10, and A238 stacks upon the unpaired U239 at the inlet of the 3′ strand of DP2. This architecture forms a cavity where a residue from the single strand joining P15 to P7 (J15/7), A209, fits snugly (Fig.  4C ). A209 is intercalated between the G·U pair of P10 and A238. The Hoogsteen edge of A209 contacts the Watson-Crick edge of U237. Moreover, the A209 syn orientation permits additional H-bonds with A104(O2′, N3). Thus, the 3wj acts as a recognition receptor for A209. A209 is transferred to its recognition pocket Table S1 .
by means of a S-turn (19) mediated by the trans conformation of the wobble pair G109oU207 closing P15. This unusual geometry places the O2′ group from U207 in a position opposite to the scissile bond (Fig. 4B) . Downstream from A209, A210 loops back toward P7 and contacts the lariat fold as it passes. Moreover, an iridium hexammine ion in the vicinity of the lariat fold could indicate the presence of a metal ion site involved in catalysis (Fig. S8) . Thus, the binding of A209 in its recognition pocket seems to signal to the core that the tertiary interactions mediated by the regulatory domain have taken place.
Structural Comparison of the LC and Group I Ribozymes. In group I ribozymes, the three domains from the core are invariably clamped by interactions of the loops closing P2 and P9 with stems P8 and P5, respectively (20) . Strikingly, P3 and P7 have the same number of base pairs in both the LC and group I ribozymes, and the manner in which P3, P7, P8, and P9 are connected to other domains is identical. In DirLC, the P2/P8 interaction is replaced by the 3wj encompassing P15-P3-P8, resulting from the double pseudoknot P3-P7-P15. This 3wj shows how two WatsonCrick U·U pairs provide stacking continuity. In this context, P15 is equivalent to stems P2 and P1 from group I introns. Both P1 and P15 have as a first base pair a wobble G·U, albeit cis or trans, respectively ( Fig. 5A ). At the second step of splicing, the P1 substrate docks along the junction between P4 and P5 (J4/5) to allow the O3′ group from the catalytic U to attack the bond between the intron and the 3′ exon. Consequently, in group I ribozymes, the P4-P6 domain docks along the core and forms a tertiary interaction with P9, due to the conserved presence of a structural module that bends P9 toward P5 (Fig. 5B ). In DirLC, P4, P5, and P6 present the same topology as in group I ribozymes, although the domain they form adopts a completely different structure. The reorganization of P4-P6 together with the L2.1/L5 loop-loop interaction prevent any contact between P15 and J4/5, which is averted by the absence of the characteristic triple interactions which take place in group I introns between P4 and J6/7.
In the second step of splicing, the scissile phosphate is brought in close proximity of the nucleophile by the docking of ωG to the P7 G-binding site (Fig. 5C ). Mutational analysis of the LC ribozyme has shown G229, which is homologous to ωG, to be a critical nucleotide (16) . G229 was expected to bind at the G-binding site before branching. However, in the ribozyme crystal structures, G229 is not bound to P7 and is instead located ∼10 Å from the nucleophile in the CP crystals. G216 does not form the first base triple with either C171 or A172, a standard characteristic of P7 in group I splicing (Fig. 5C ). P7 is also relaxed in group I ribozymes after cleavage (21) , which could indicate that the crystal structure of the CP form reflects the postcatalytic state of the LC ribozyme. (Fig. S8) . The 5′-OH group of C230 is at 5.1 Å from the O2′ group of U232 despite the absence of the phosphate group missing because of the design of the CP construct. (B) Overall view of the ribozyme centered on the P10 3wj shows how five adenosines (76, 77, 103, 104, and 238) and a U residue (U239) mediate stacking continuity to stabilize the A209 binding pocket (cyan). The 2′ and 5′ hydroxyl groups from U207 and from C230 are labeled. (C) A close-up shows how A209 mediates stacking with neighboring residues (U105, A238) as well as how its Hoogsteen and Watson-Crick edges form H-bonds with residues in the same plane (A104, U237).
Discussion
We have solved the crystal structures of two versions of the DirLC comprising the core and the appended regulatory domain DP2-DP2.1. The catalytically active form, solved to a resolution of 3.85 Å, harbors the same fold as the inactive CP version, solved to 2.5 Å. The similarity between the two forms is also observed in solution by SAXS studies (Fig. S6 ). In the two structures, the formation of the DP2 stem results from the absence of the nucleotides forming the 3′ strand of the HEG P1 hairpin (Fig. 1D) and supports the neutral effect of the UUCG loop appended to DP2 in the CP construct (Fig. 1C) . Thus, the CP construct corresponds to the postcleavage state because the 3′ terminal G229 resides at 10 Å from the 5′ start C230 (Fig. 5C ). It is apparent from the present structures that the ionic conditions in the crystals and the stabilization of the lariat fold by a set of precise interactions fully conserved in LC ribozymes (Fig. S5 ) compensate for the absence of the phosphate group closing the lariat fold. Moreover, the absence of the scissile phosphate group could influence metal ion binding in the active site. Folding of the HEG P1 hairpin in the inactive state of the LC ribozyme precludes P10 formation. Our structures reveal how the two tertiary interactions, mediated by the activated regulatory domain DP2-DP2.1, are critical for assembly of the active site of the ribozyme through folding of the 3wj including P10. The latter serves as a receptor for the internal residue A209 to nucleate folding of the catalytic core. We now better understand why the core undertakes catalysis only upon DP2 formation. It is reasonable to hypothesize that the flexibility conferred to the regulatory domain by HEG P1 may release the structural constraints applied to the core of the LC ribozyme to inhibit cleavage.
Sequence and secondary structure similarities between the LC and the Azoarcus group I ribozymes are striking (11) . From a structural point of view, the similarity to the P3-P7 pseudoknot domain typical of all group I introns and the divergence from the P4-P6 domain suggest that LC ribozymes were originally derived from group I introns but then rapidly diverged, which would explain their fairly recent appearance [on a ∼10 6 to 10 7 years time scale (22) ]. The high level of constraints imposed by the double pseudoknot was already used to identify the organization of the P3-P7 domain with respect to P10-P15 by molecular modeling (12) . However, because of a lack of understanding concerning the tertiary interactions mediated by DP2-DP2.1, the regulatory domain was not constructed, and P4-P6 was built alongside the core as in group I introns, a feature observed neither in the crystal structures nor in the SAXS shapes presented herein. Nevertheless, the prominence of junctions J15/7 and J9/10, stressed as critical in the present study, was highlighted, albeit improperly modeled.
The appearance of this original ribozyme family could have been driven by (i) the insertion of one group I ribozyme within another (23), (ii) sequence drift due to the absence of selection pressure toward splicing (12) , and (iii) the possibility that intrachain 2′ OH groups can be activated at any place of the RNA chain (24), making them statistically more reactive than 3′ OH groups. Indeed, because 2′,5′ bonds emerge readily in invitro-selected ribozymes (25, 26) , splicing may have developed more efficiently in group II introns or in the spliceosome than from group I introns due to a more flexible lariat-based mechanism in catalytic RNAs (27) . Our structures reveal the surprising speciation of elements known from two-step 3′,5′ splicing group I intron ribozymes into a structure that supports a onestep branching reaction. Group I-derived ribozymes can perform hydrolytic cleavage and splicing both in cis and in trans (28), act as a ligase (29) , and work as an allosteric enzyme regulated by a second messenger (3). This ribozyme can assemble itself from pieces (30) and can even form cooperative networks that support self-replication (31) . Thus, the present structure of the LC ribozyme adds to the versatility of group I ribozyme scaffolds and completes the collection of crystal structures of large ribozyme classes that comprise group I (32-34) and group II (35) splicing ribozymes and RNase P (36). To compare 3D structures, color schemes were made identical, and the Azoarcus ribozyme was oriented similarly to DirLC by superimposing their P3 and P7 stems in program lsqman (47) (rmsd = 3.14 Å for 153 backbone atoms). The orientations of the domains left out from the rmsd calculation can be compared pairwise. (A) P3 and P7 are displayed as cartoon filled rings to show the orientation resulting from their superimposition. P15 is equivalent to the Azoarcus P1/P2 stack. The G·U base pair of each ribozyme is shown as sticks (cyan). (B) A 90°rotation on a vertical axis shows that the P4-P6 domain leans on the Azo core, contrarily to the situation in DirLC, where it sits perpendicularly, ensuing base pairing between L5 and DL2.1, conferring to DirLC its signet-ring shape. (C) The G·U trans Watson-Crick base pair at the top of P15 allows A209 to interact with A104 and U237 in the 3wj involving DP2, DP2.1, and P10. C230, A231, and U232 together form a properly folded lariat. In the postcatalytic state, G229, homologous to ωG in Azo, does not occupy the G-binding pocket of P7 as in the group I intron. It is noteworthy that A210 can adopt two conformations, one of which is pointing at the lariat, indicating that it may play a role in the catalysis. In Azo, ωG is in the G-binding pocket of P7 and close to the G·U base pair of P1. It forms a base triple with G130 and C177 of Azo. G128 from J6/7 forms a base triple with A129 and C178 from P7.
Experimental Procedures
Preparation of the Circularly Permutated Form of the LCrz Ribozyme. RNA transcripts were obtained by in vitro transcription using T7-RNA polymerase (37) . Cleavage by the 5′ hammerhead ribozyme in the course of the transcription reaction was observed while further incubation at 60°C was necessary to complete HδV cleavage. Thus, the RNA of interest harbors a 5′ hydroxyl and a 2′,3′ cyclic phosphodiester ends.
Crystallization, X-Ray Data Collection, Structure Determination, and Refinement. Crystal growth was completed between a few weeks and few months at 20°C in 400-nL droplets composed of 200 nL of a 100 μM solution of purified LC RNA transcripts mixed with the same volume of crystallization solutions from various high-throughput (HT) kits from Hampton or Jena BioSciences set up by using a mosquito robot (TPP Labtech). The CP LC ribozyme crystallized in IndexHT-D11-F11-F12-H6, NatrixHT-E11, and PEGRxHT-F1-F3, and the wild-type ribozyme crystallized in IndexHT-F12 and PEGRxHT-A10-C1-F3. Diffraction data were collected at 100 K at the macromolecular crystallography beamlines X06DA at the Swiss Light Source and PROXIMA1 at Synchrotron SOLEIL. XDS was used for processing (38) . Experimental phase information of the CP LC ribozyme was obtained (Table S1 ) by a four-wavelength MAD experiment around the Iridium edge using the SHELX package (39) . The wild-type LC ribozyme was solved by the molecular replacement method using Molrep (40) and the CP LC ribozyme crystal structure as a search model. The models were refined with Phenix (41) or Buster (42) and iteratively built by using Coot (43) . Values of final R work /R free of 18.80%/23.57% and 20.99%/25.64% were obtained for the native and iridium derivative CP LC ribozymes, respectively. The wild-type form was refined to R work /R free of 24.55%/29.77%.
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SI Experimental Procedures
Preparation of the Circularly Permutated Form of the LCrz Ribozyme.
RNA transcripts were obtained by in vitro transcription using a His-tagged version of the T7-RNA polymerase (1) . A DNA fragment obtained by PCR corresponding to the circularly permutated form of the LCrz inserted between a 5′ hammerhead ribozyme and a 3′ HδV ribozyme (2) or to the wild-type ribozyme followed by an HδV ribozyme were inserted in an EcoRI/BamHIdigested pUC19 (NEB) by using the InFusion cloning kit (Clontech). The PCR introduced a U203C mutation, resulting in the presence of an A-C base pair in P15. This mutation has been reported to stabilize the Naegleria lariat-capping (LC) ribozyme (3) . Fast cleavage in the course of the transcription reaction by the 5′ hammerhead ribozyme was possible because the sequence of stem I was changed to that of the LC ribozyme while preserving the tertiary interactions between stems I and II (4). One-hour incubation at 60°C was necessary to complete HδV cleavage. Thus, the RNA of interest presents 5′OH and 2′,3′ cyclic phosphodiester ends, which do not correspond to the branching reaction products, in the sense that the absence of the phosphate group of C230 prevents tethering. Consequently, we observe that the lariat is folded in the crystal structure of the circular permutation (CP) form but not 2′,5′-tethered. The transcripts were purified by 8% polyacrylamide gel electrophoresis and identified by UV shadowing. Bands containing the RNA were collected, and the RNA was recovered by passive elution overnight and, finally, filtrated on dispensable sterile 0.2-μm filtration units (Nalgene). The RNA sample was concentrated by ethanol precipitation.
Mutational Studies of the P9 Stem. Mutations in P9 were introduced by using the QuikChange site-directed mutagenesis kit (Stratagene). The starting point for introducing the mutations was a published plasmid carrying a WT ribozyme (5) . The oligos for deletion of a base pair were as follows: C274, GTTCAAT-GAACAGTCGTCCGAAAGGAGCATCCGGTATCC; and C275, GGATACCGGATGCTCCTTTCGGACGACTGTTCATTGAAC. For insertion of a base pair, they were C276, GTTCAATGAACA-GTCGTTACCGAAAGGTAAGCATCCGGTATCC; and C277, GGATACCGGATGCTTACCTTTCGGTAACGACTGTTCATT-GAAC,respectively.Templatesweremade by PCRofthe mutagenized plasmids using a 5′ oligo including a T7 promoter (C287, AATTTAA-TACGACTCACTATAGGGTTGGGAAGTATCAT, together with C288, TCACCATGGTTGTTGAAGTGCACAGATTG). In vitro transcription and cleavage analyses were performed as described (5) .
Cleavage Studies of the CP P8 LC Ribozyme. The CP form of the LC ribozyme presenting 5′ and 3′ ends in P8 was produced by PCR using oligonucleotides (Sigma) to generate the template by primer extension at 62°C as follows: CP_P8_F_L, GTTAGG-TGTGTTCAATGAACAGTCGTTCCGAAAGGAAGCATCCG-GTATCCCAAGACAATCTTCGGGTTGGGTTGGGAAGTAT-CATGGCTAATCACCATGATGC; and CP_P8_R_L, GCCGT-TAGGACGGATGTTACGGGATCGTCCCCCACCGTTTTAA-CCCAATTAAGTGTTCAACCCGATTGCATCATGGTGATT-AGCCATGATACTTCC. The template was amplified by 25 cycles of PCR at 56°C using the following oligonucleotides: CP_P8_F_C, AATTTAATACGACTCACTATAGGGTTAGG-TGTGTTCAATGAACAGTC; and CP_P8_F_C, GGGTTAGG-CAGGGCCGTGCAGTCTGTCGCCGTTAGGACGGATGT-TACGG. The purified template was transcribed in vitro and further purified as other RNAs used in this study.
Kinetics experiments were carried out as described (6).
Crystallization of the LCrz. A 100 μM RNA solution was heated for 1 min at 95°C followed by 4 min on ice. MgCl 2 at a concentration of up to 4 mM was then added, and the solution was placed at 55°C for 10 min and then at 4°C overnight. Crystal growth was completed between a few weeks and few months at 20°C in 400-nL droplets composed of 200 nL of a 100 μM solution of purified LC RNA transcripts mixed with the same volume of crystallization solutions. Initial conditions were obtained from commercial high-throughput screening kits from Hampton Research (PEGRx, Index, Natrix) and Jena Biosciences (Nuc-Pro) set up with a mosquito robot (TTP Labtech). The CP LC ribozyme crystallized in IndexHT-D11-F11-F12-H6, NatrixHT-E11, and PEGRxHT-F1-F3, and the wild-type ribozyme crystallized in IndexHT-F12 and PEGRxHT-A10-C1-F3.
Data Collection, Structure Determination, and Model Refinement.
Crystals were flash-frozen by immersion in liquid nitrogen or ethane. Diffraction data were collected at 100 K at the macromolecular crystallography beamline X06DA at the Swiss Light Source (SLS) or PROXIMA1 at Synchrotron SOLEIL, and processed by using XDS (7). Phase information was determined with data obtained from crystal 1 (Table S1 ) by a four-wavelength multiwavelength anomalous diffraction (MAD) experiment around the iridium edge using the SHELX package (8) .
The wild-type LC ribozyme was solved by the molecularreplacement method using Molrep (9) with the structure of the CP form of the LC ribozyme solved by MAD as a search model. The resulting experimental electron-density map allowed us to build an initial model that was later refined with Phenix (10) and iteratively built by using Coot (11) against higher-resolution data obtained from crystal 2. Values of final R work /R free of 18.80%/ 23.57% and 19.81%/26.21% were obtained for the native and iridium derivative CP LC ribozymes, respectively. The wild-type form was refined with Buster (12) and Phenix (10) to R work /R free of 24.55%/29.77% (Table S1 ). Density around J6/7 region as well as the first nucleotides of P7 was poorly defined but became visible when the structure was refined against the data from crystal.
Model statistics were obtained with MolProbity (13). Molecular visualizations and structures illustrations were performed by using Pymol (14) . Data collection and refinement statistics are given in Table S1 . Coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID codes 4P9R, 4P95, and 4P8Z).
The Unique Architecture of the LC Ribozyme Is Supported by SmallAngle X-Ray Scattering on both Wild-Type and CP Ribozymes. Smallangle X-ray scattering (SAXS) measurements were undertaken to compare the crystal structures to the structures of LC ribozyme in solution. Both LC ribozyme forms show very similar SAXS shapes (Fig. S6) , with each ribozyme perfectly fitting its cognate SAXS data. The wild-type ribozyme is slightly more compact than the CP form due to the absence of the UUCG loop closing DP2. These observations indicate that the crystal environment does not perturb the conformations adopted by the ribozymes in solution. The values for Rg Guinier and Dmax for the CP LC and for the WT LC ribozymes are 29.8, 100, 30.9, and 105 Å, respectively. Both forms have the same volume (88,000 Å).
SAXS Data Collection and Analysis. X-ray scattering data were collected on beamline SWING at Synchrotron SOLEIL (Gifsur-Yvette, France) with the 17 × 17-cm 2 low-noise Aviex CCD detector positioned at a distance of 1,800 mm from the sample. The beam wavelength was set to λ = 1.033 Å, and the resulting exploitable q range was 0.014-0.4 Å −1
, where q = 4π sin θ/λ, and 2θ is the scattering angle. SAXS data from pure LC ribozyme samples were collected directly at the outlet of a size-exclusion chromatography HPLC system (15) . To remove the aggregation contribution, concentrated solutions of CP or wild-type LC ribozyme (25 μL, 8 mg/mL) were injected into a Size Exclusion Column (Agilent Bio-sec3) by using an Agilent HPLC system and eluted directly into the SAXS flow-through capillary cell at a flow rate of 200 μL/min. SAXS data were collected online throughout the whole elution time, with frame duration of 1 s to prevent X-ray damage and a dead time between frames of 0.5 s. The frames corresponding to the main elution peak were inspected and averaged by using FOXTROT, a homemade program dedicated to data processing. In total, 20 frames were averaged to produce a curve with the same q range as previously, with no attractive interactions at low angles.
All data-processing, analysis, and modeling steps were carried out with PRIMUS (16) and other programs of the ATSAS suite (17) . The radius of gyration R g was evaluated by using the Guinier approximation (18) , assuming that (q < 1/3 R g ), intensity may be represented as I(q) = I(0) exp(−(q·R g ) 2 /3) at very small angles. The same parameter was also calculated from the entire scattering pattern by using the indirect transform package GNOM (19) , which also provides the distance distribution function p(r) of the particle and the maximal intramolecular distance (Dmax). All parameters for the CP and wild-type LC ribozymes show no significant difference.
Low-resolution models of CP or wild-type LC ribozymes were generated ab initio, by using the dummy atom model method, as implemented in the program DAMMIF (20) , which uses simulated annealing to search a compact model that fits the experimental data to minimize the discrepancy. The low-resolution models were compared with DAMAVER, a procedure to analyze and align ab initio models to select the most typical one (21) . The superimposition of low-resolution molecular shapes and crystal structures were performed with SUPCOMB, a method to optimize the alignment of 3D objects (22) .
Scattering from the crystal structures of the CP and wild-type forms of the LC ribozyme were calculated by using CRYSOL (23) and compared with the experimental curves obtained for each form of the LC ribozyme. The program fits the experimental intensity I(q) with the atomic coordinates by adjusting the excluded volume, averaged atomic radius, and contrast of the hydration layer surrounding the particle in solution to minimize discrepancy as described by I(q). Both forms of the ribozyme are highly similar, with χ 2 values close to 1, and confirm that the crystal environment does not affect the conformations of the ribozymes in solution. On the P5 side, the zigzag motif forms a smooth loop articulated by a U-turn characterized by the H-bond between U151(N3) and C154(O1P) further stabilized by A152 and 153 forming A-minor interactions in the shallow groove of two G═C pairs from P4. The magnesium ions stabilizing the motif are presented. The first Mg 2+ ion is penta-hydrated and bound to the O2P atom from G170, while the coordinated water molecules form H-bonds to O6 positions of bases G134 and G135. The second Mg 2+ ion is hexa-hydrated and bridges the bases of C159 and G169 from P4 and J6/7, respectively. ML, maximum likelihood. *Values in parentheses correspond to high-resolution shell in data collections. † Shelxd output. ‡ Shelxe output. § 5% of the reflections were set aside for an R free test before initiating any refinement.
